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In patients with hypertrophic cardiomyopathy, the mitral 
valve moves anteriorly and assumes a unique shape, with 
mitral-septal contact centrally and preserved valve orifice 
area laterally. This shape is not clearly predicted by the 
Venturi mechanism, which stresses flow above the valve as 
opposed to changes intrinsic to the valve. On the other 
hand, it has been suggested that displacement of the 
papillary muscles anteriorly and toward one another, as 
observed in this disease, can promote anterior mitral valve 
motion and produce this unusual shape. 
The purpose of this in vitro study was to test the 
hypotheses that anterior motion of a membrane in a flow 
field can be generated by altering the distribution or 
effectiveness of chordal tension tethering the membrane, 
and that the shape achieved by this membrane depends on 
the geometry of chordal tension. Accordingly, a horizontal 
leaflet mounted in a tlow chamber was attached by chords 
at its distal end to a series of upstream screws. Chordal 
tension could be varied by turning the screws or redirected 
by shifting the screws anteriorly. Anterior leaflet motion 
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having the same unusual configuration seen in patients was 
reproduced by decreasing central chordal restraint while 
tension on the leaflet edges was maintained. Directing 
chordal tension anteriorly caused greater degrees of anterior 
motion at earlier stages in the release of chordal restraint; 
increased flow rate had a similar but less marked effect. 
These studies suggest that primary geometric alterations 
in the papillary-mitral apparatus can play an important 
role in determining the presence and geometry of systolic 
anterior mitral motion. The nature of these alterations 
suggests a role for anterior and inward papillary muscle 
displacement in promoting such motion. The geometric 
factors embodied in this model can explain many observed 
features of this motion not adequately explained by the 
Venturi effect, such as early systolic onset and the impor- 
tance of a distal residual leaflet. Finally, flow visualization 
studies emphasize the importance in this process of drag 
forces caused by interposing the leaflet into the flow stream, 
and of geometric factors that enhance such forces. 
(J Am Co11 Cardiol1989;13:143848) 
Hypertrophic cardiomyopathy is a disease characterized by 
cardiac hypertrophy, classically asymmetric and associated 
with variable degrees of dynamic outflow tract obstruction 
(l-4). Although interventricular septal hypertrophy narrows 
the outflow tract, obstruction is produced by systolic ante- 
rior motion of the distal mitral valve, which contacts the 
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Figure 1. Echocardiogram (parasternal short-axis systolic view) of 
the left ventricle at the level of maximal systolic anterior motion 
(SAM) of the mitral valve (MV) in a patient with hypertrophic 
cardiomyopathy (left). Contact of the leaflet with the interventricu- 
lar septum (IVS) occurs at the center of the valve, whereas the 
lateral leaflet portions remain relatively posterior. creating two side 
pockets for flow. Right, Line drawing of the same view. PW = 
posterior wall; RV = right ventricle. (Reprinted with permission 
from Jiang et al. [I-S].) 
septum (j-14). As shown by two-dimensional echocardiog- 
raphy (Fig. I), the orifice in this condition has an unusual 
geometry: the anteriorly moving mitral valve assumes a 
unique cowl-like configuration, with mitral-septal contact 
centrally and a preserved orifice along each lateral margin 
(15,16). A perpendicular long-axis view (Fig. 2) shows that 
the mitral valve comes closest to the septum at its distal end 
and then slopes downward toward the coaptation point. 
Proposed mechanisms of systolic anterior motion of the 
mitral valve. Although several mechanisms have been pro- 
posed (H-23), the most widely accepted remains the Venturi 
mechanism, which states that interventricular septal hyper- 
trophy, with consequent outflow tract narrowing, produces a 
high velocity stream above the mitral valve; this increased 
velocity, by Bernoulli’s equation. decreases the pressure 
above the valve, drawing it anteriorly (17). 
Although widely accepted, the Venturi mechanism fails 
to explain many observed features of systolic anterior mitral 
motion-features that should provide mechanistic clues and 
Figure 2. Echocardiogram (parasternal long- 
axis view) of the left ventricle in a patient with 
hypertrophic cardiomyopathy (left). demon- 
strating the onset of systolic anterior motion 
(SAM) early in systole before aortic valve 
(AV) opening. This echocardiogram repre- 
sents the first video frame after the peak of the 
electrocardiographic QRS complex. Right, 
Line drawing of the same view. Ao = aorta; 
LA = left atrium; PM = papillary muscle; 
other abbreviations as in Figure I. (Reprinted 
with permission from Jiang et al. [Is].) 
are relevant to the in vitro data to be presented. Specifically, 
I) the Venturi theory predicts that anterior motion will occur 
where outflow tract narrowing is greatest, but such motion 
occurs predominantly at the leaflet tip, not necessarily at the 
point of greatest narrowing (10, I I .22). 2) On the basis of the 
Venturi theory, the leaflet should move upward ~~m'forrn/~ 
along its mediolateral extent, or even most prominently at its 
edges, where the outflow tract is narrowest, whereas the 
observed central pattern of anterior motion (15.16) (Fig. 1) is 
not predicted. 3) Echocardiographic images have shown that 
anterior motion begins early in systole, or even in isovolumic 
contraction (IS), when outflow velocities and any associated 
pressure gradients should be low or negligible (Fig. 2). 4) 
Finally, the Venturi theory does not take into account the 
full balance of forces acting on the distal leaflet and, in 
particular. fails to explain how sufficient slack or chordal 
laxity is produced to permit anterior motion in the presence 
of papillary muscle restraint. 
Alternative mechanisms have, therefore, been proposed 
that stress primary structural abnormalities of the mitral 
apparatus, such as abnormal leaflet coaptation (15,18,22). 
An integrated mechanism has been advanced, in which 
displacement of the papillary muscles anteriorly and toward 
one another-a well described finding in this disease 
(.i;,6,10,13.15,16,18,21)-plays an important role in initiating 
and maintaining anterior motion by altering the distribution 
of tension to the mitral leaflets (IS). It is important to review 
this proposal because the design of the in vitro studies to be 
described here relates to this mechanistic hypothesis. Start- 
ing with a normal baseline in which tension is distributed 
evenly along the free edge of the mitral leaflets, anterior 
papillary muscle displacement causes increased slack or 
laxity of the anterior leaflet, leaving it unusually free to move 
anteriorly and take up that slack (Fig. 3. upper panels). 
Displacement of the papillary muscles toward one another 
(Fig. 3, lower panels) increases tension on the lateral leaflet 
edges and decreases central tension. leaving the central 
leaflets most available to move upward: this imbalance of 
tension may also cause the leaflet to buckle upward centrally 
1440 CAPE ET AL. 
CHORDAL GEOMETRY IN SYSTOLIC ANTERIOR MITRAL MOTION 
JACC Vol. 13. No. 6 
May 1989:1438-48 
A. NORMAL B. HCM 
Figure 3. Diagrams of chordal geometry illustrating the effects of 
papillary muscle malposition on the distribution of tension to the 
mitral leaflets. The mitral apparatus is viewed from the side in the 
upper panels and from above in the lower panels. A, Normal 
geometry. B, In hypertrophic cardiomyopathy (HCM) with systolic 
anterior motion, the papillary muscle (PM) tips are displaced ante- 
riorly and toward one another. This geometry can be predicted to 
produce relative chordal slack in the central (C) and anterior leaflet 
(AL) portions. This is indicated by the relatively lax chordae (wavy 
lines in B) that are longer than the distance between their papillary 
and mitral insertions. L = lateral edge; PL = posterior leaflet; LV = 
left ventricle; other abbreviations as in Figure 1. (Reprinted with 
permission from Jiang et al. [15].) 
(compare Fig. 1). Once the leaflet is buckled anteriorly and 
interposed into the path of flow, the impact of fluid on its 
undersurface will propagate the anterior motion by generat- 
MEM’RANE MODEL 
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ing drag forces (forces parallel to flow, experienced by an 
object on which flow is incident [24]). Preliminary reports of 
canine experiments in which increased septal thickness 
alone failed to produce obstructive anterior motion (29, but 
anterior displacement of the papillary muscles succeeded in 
doing so (26), would support such a mechanism. 
To explore these mechanistic possibilities, the purpose of 
this study was to address the following question in a mem- 
brane model: Can anterior motion of a membrane in a flow 
field be generated by altering the distribution or efective- 
ness of chordal tension tethering the membrane? In partic- 
ular, do alterations that can be expected on the basis of 
observed papillary muscle displacement in hypertrophic 
cardiomyopathy contribute to the onset of anterior motion? 
If so, what are the alterations in flow that drive this motion? 
Preliminary to the development of a complex papillary 
muscle model, this study aimed to examine these questions 
in a simple membrane model reflecting the fundamental fluid 
and solid mechanical forces acting on the mitral valve. 
Methods 
Model components. The flow chamber and apparatus 
were designed to model the response of a leaflet subjected to 
flow and tethering forces. The following components were 
included in the model (Fig. 4): 1) Flow channel: a cylindrical 
tube, 3.18 cm in diameter. (A subsequent version of the 
model was drilled out of two Plexiglas blocks that could be 
separated to facilitate manipulation of the model compo- 
nents.) 2) A pivoting membrane: this represented the distal 
mitral leaflet, with the rest of the leaflet being restrained by 
the balance of ventricular and atrial forces acting on the 
Wind& Screws MemiChord 
WINDING SCREW POSITIONS 
UPPER LOWER 
.Pivoting 
Rod 
Figure 4. Upper panel, Flow model with mem- 
brane and tethering chords. The winding screws 
are connected to the central and lateral (edge) 
portions of the leaflet, respectively (compare 
with Fig. 3, lower panels). In the lower panels, 
the membrane is indicated schematically by a 
heavy straight line and its chordal connections 
as dotted lines leading to the central (C) and 
lateral CL1 chordal attachment screws. The vo- 
sition of these chordal attachments could Abe 
varied within the model as shown. 
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Figure 5. Measurements of the area between 
the membrane and the flow chamber, re- 
flecting anterior membrane motion. Upper 
panels, Cross-sectional echocardiographic 
area. Because of the nature of ultrasound 
imaging and the specular character of the 
cylindrical flow model, its side walls were not 
well seen (27). To measure the area, advan- 
tage was taken of the known size and shape of 
the model, which could be superimposed on 
the image (as a plastic overlay) as necessary 
before tracing, guided by the upper and lower 
walls of the cylinder. Ultrasound reflections 
other than the membrane represent reverber- 
atory artifacts and moving particles or bub- 
bles. Lower panels, Longitudinal area from a 
videotaped image. 
coapted leaflet surfaces. This was modeled with a flexible 
gooch-rubber membrane, folded at one end over a horizontal 
anchoring rod, allowing the membrane to pivot freely. 3) An 
equivalent qfpapillary muscle restraint: the distal end of the 
membrane was tethered by five twine chords to horizontal 
capstan screws upstream that restrained membrane motion. 
These screws had a central slit running most of their length 
into which the chords could be inserted and fixed and then 
wound or unwound to vary their slackness. The outer 
surface of each screw had five regularly spaced grooves 
along its length to provide fixed locations into which each 
chord could be wound. 4) The distribution of tension to the 
central and lateral portions (edges) of the membrane could 
be independently varied: Three central chordae were wound 
onto one screw and two lateral chords onto another. 5) 
Anterior papillary muscle displacement: This was repre- 
sented by shifting these chordal attachment screws from a 
posterior to a more anterior position (Fig. 4). 
Flow system. A glycerine-water solution (40%/60% by 
volume) was adjusted to have physiologic density and vis- 
cosity (3.5 cP) at 22°C. Steady pump flow was adjusted by a 
calibrated rotameter over a physiologic range of instanta- 
neous flow rates from IO to 25 litersimin, comparable with 
those seen in humans at cardiac outputs (time-averaged flow 
rates) of 4 to 5 litersimin. 
Observations. The equilibrium position of the leaflet 
membrane for a given set of flow and tethering conditions 
was recorded by videocamera (Panasonic model WV 3240). 
Anterior motion was quantitated in terms of the decrease in 
area between the membrane and the upper surface of the 
flow channel in two perpendicular planes (Fig. 5): the 
longitudinal plane, provided most easily by videotaped im- 
/ Longltudmol orea 
L Flow chamber 
ages, and the cross-sectional plane. for which a tomographic 
imaging technique was necessary to display this area. There- 
fore, two-dimensional echocardiographic short-axis views of 
the membrane were obtained perpendicular to the long axis 
of the system. with the transducer oriented to display the 
limiting orifice (Aloka 880 imaging system). Areas were 
determined by planimetry from video images with the Aloka 
analysis package. (Although the echocardiographic areas are 
subject to technical limitations in this in vitro setting, as 
noted in the legend to Fig. 5 [27], it must be emphasized that 
the purpose of this study was not to measure the areas, 
which have no intrinsic significance, but primarily to dem- 
onstrate the occurrence of anterior motion and changes in 
membrane shape.) 
Protocols. Like the papillary muscles, the chordal attach- 
ment screws attached to the model generate tension acting to 
restrain leaflet displacement. (In the model. tension is not 
generated by active muscular contraction, but by the equal 
and opposite force occurring in response to leaflet displace- 
ment by flow, according to Newton’s second law.) Winding 
or unwinding the chords, then, determines the effective 
tethering length at which this counterbalancing force be- 
comes effective, and before which the chord is slack and 
tension not effectively transmitted. Thus. for example, the 
mechanism shown in Figure 3 postulates increased central 
chordal slack caused by papillary muscle displacement: in 
the model, this is reflected by unwinding the central chords. 
Practically, for each anteroposterior position of the 
chordal attachment screws (upper or lower), the baseline 
rotational position of the chords (stage I) was determined by 
winding them until the membrane lay as flat as possible at the 
lowest rate of flow used. In stages 2 to 4, increased central 
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slack was created by unwinding the central chords by V4, ti 
and then Y4 of a turn (3.5 mm of chord per Y4 turn). Because 
no further change occurred with further central laxity, the 
lateral chords were then unwound in stages 5 to 8 by Y4, 1/2, 
Y4 and then 1 turn, with the central chords remaining 
unwound by Y4 turn. These stages were repeated for each 
flow rate. 
In addition, with the chordal attachment screws in the 
lower position and the leaflet flat, the effect of increased 
lateral tension itself was investigated in the presence of 
unaltered central tension. 
Flow visualization. To observe the flow patterns in the 
vicinity of the leaflet at varying degrees of anterior motion by 
optical flow visualization, neutrally buoyant reflectors (1% 
to 2%, 100 pm diameter Amberlite particles, trademark of 
Rohm & Haas Corp., Philadelphia, Pennsylvania) were 
added to the fluid, and a clear plastic membrane and chords 
substituted for the opaque materials. The beam of a 7 mW 
helium-neon laser was converted into a plane of light by 
passing it through a small glass rod (28). This plane of light 
was passed through the flow system, and still pictures were 
taken with a Canon A-l camera facing the plane. 
Results 
Anterior motion and cowl formation. Figure 5 (upper 
panel) illustrates the cross-sectional configuration of the 
leaflet, with the chordal attachments in the upper position. 
With release of central chordal tension, the membrane 
moves upward, assuming a cowl shape similar to that 
observed clinically (Fig. 1). The release of lateral tension 
allows the leaflet edges to move up as well, creating a greater 
degree of circumferential narrowing, as seen in patients with 
more severe degrees of obstruction. In a longitudinal view 
(Fig. 5, lower panel), the membrane is closest to the top of 
the flow chamber at its distal (upstream) end, and then 
curves downward, as in the clinical counterpart (Fig. 2). 
With release of both central and lateral tension, longitudi- 
nally prolonged regions of leaflet-chamber contact develop, 
as can be seen in patients with severe obstruction or elon- 
gated leaflets, or both. 
Upper versus lower chordal attachment position. Figure 6 
demonstrates the effect of altering the position of chordal 
attachment on the behavior of the membrane. Reduction in 
the measured areas between the membrane and the upper 
wall of the flow chamber represents anterior motion of the 
leaflet: decrease in the cross-sectional area available for flow 
represents cowl formation (Fig. 6, upper panel), and de- 
crease in the longitudinal area reflects upward tilt of the 
membrane (Fig. 6, lower panel). The data in Figure 6 are all 
for a fixed flow rate of 15 literslmin. In the upper chordal 
position, the leaflet is positioned more anteriorly than in the 
lower chordal position, reflected in the lower initial value of 
cross-sectional area. Prominent cowl formation occurs rap- 
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Figure 6. Change in area, reflecting anterior motion, as a function 
of chordal attachment position and chordal slack (stages described 
in text); the most prominent cowl formation is indicated (as in Fig. 
5, upper panel). 
idly as central chordal length is increased (stages 2 to 4); 
subsequent decreases in area with increases in lateral 
chordal length are more gradual. In contrast, in the lower 
attachment position, even though cowl formation begins 
with an increase in central chordal length (stages 2 to 4), it 
remains minor in extent until lateral chordal length is in- 
creased as well, leading to a more abrupt decrease in area 
later in the sequence. The same final area reduction is 
achieved in both cases. Similar trends are evident for the 
area in the longitudinal projection (Fig. 6, lower panel). 
Effect of flow rate. Increasing flow rate (within the phys- 
iologic range of instantaneous flow) has an effect on the 
extent of cowl development, as reflected by a decreased 
cross-sectional area (Fig. 7). In the lower chordal attachment 
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position (Fig. 7A), increasing flow rate allows rapid cowl 
formation to occur earlier in the sequence of lateral chordal 
elongation. In the upper chordal position (Fig. 7B), the phase 
of rapid cowl formation-which in this case occurs with 
central chordal elongation-is also facilitated by increased 
flow. In addition, at 20 liters/min, anterior motion had 
already begun at stage I (that is, at a chordal position that 
restrained the leaflet into a flat position at 12.5 liters/min). 
(To eliminate the cowl at the higher flow rate required 
increased chordal restraint.) 
Although the minimal cross-sectional areas achieved 
were approximately the same for all flow rates, the final 
longitudinal area reduction was a function of flow rate 
(Fig. 7C and D). At low flows, only the distal end of the 
leaflet contacted the top of the flow chamber, whereas at 
higher flows, this contact propagated down the tube, creat- 
ing more extended tunnel-like regions of leaflet-chamber 
Figure 7. Effect of flow rate on area changes. See text for details. 
contact, with a decrease in the longitudinal area measured. 
In addition, the effect of flow rate on longitudinal area was 
similar to its effect on cross-sectional area, with increasing 
flow facilitating the phase of most prominent cowl formation 
for each screw position (stages 1 to 2 for the upper and 5 to 
6 for the lower chordal attachment position). 
Increased lateral tension. To explore the possibility of the 
development of leaflet buckling as a function of increased 
tension on the edges of the leaflet (IS), chordal tension was 
first adjusted to produce a flat membrane (lower attachment 
position, 15 litersimin), and the lateral chords were then 
further tensed. This produced an upward displacement of the 
leaflet at its center, forming a small cowl (Fig. 8). However, 
without the release of the central chords and with the 
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Figure 8. Anterior buckling (right) of initially flat 
membrane (left) produced by increased tension on 
the membrane edges. 
increase in net chordal tension, this anterior motion did not 
propagate further. 
Flow visualization. Figure 9 (upper panel) shows the 
initial position of a clear plastic membrane inserted to permit 
flow visualization, at 20 litersimin flow, with the chordal 
attachments in the lower position. The Amberlite particles 
travel in relatively straight streamlines above the membrane. 
Underneath the membrane there is a zone of stagnation 
created by a clay dam that obstructs the lower half of the 
flow channel, representing the coapted posterior mitral 
leaflet. (Inserting this dam during the cowl formation exper- 
iments shown in Fig. 6 and 7 produced a progression of cowl 
formation comparable with that described, but occurring 
with less release of chordal tension, given the increased 
pressure built up beneath the membrane.) 
Figure 9 (second panel) shows early cowl formation. 
Fluid recognizes the curvature of the membrane as it travels 
above it; the streamlines are slightly closer together, re- 
flecting increased velocity caused by the upward leaflet 
motion. Particles also enter the region beneath the mem- 
brane, impacting on its undersurface. The increased velocity 
above the membrane and impact of particles below it be- 
come more prominent when the cowl has developed more 
fully (Fig. 9, third panel). With membrane-chamber contact 
(Fig. 9, bottom panel), particles below the membrane are 
well seen. The outflow, in side pockets above the membrane, 
is not visualized in this tomographic view of flow through the 
center of the channel. 
Discussion 
Reproduction of anterior leaflet motion. This study shows 
that the unusual leaflet geometry seen in patients with 
hypertrophic cardiomyopathy (Fig. 1 and 2) can be repro- 
duced in a membrane model simply by altering the distribu- 
tion of tension on a leaflet exposed to flow (Fig. 5 and 8), and 
can be varied by manipulating chordal tension to reproduce 
a spectrum of mitral valve configurations, as seen in hyper- 
trophic cardiomyopathy. Factors contributing to this ante- 
rior motion include anterior redirection of chordal restraint 
(Fig. 6) and flow-related forces (Fig. 7). 
Forces acting on the leaflet. We can understand these 
results and the clinical insights they provide by outlining the 
balance of fluid and solid mechanical forces acting on the 
membrane/mitral leaflets in systole: 1) Hydrostatic ancho:- 
ing forces (left ventricular minus left atria1 pressure) that 
maintain the coaptation of the bodies of the mitral leaflets 
(Fig. 10A). In contrast, the distal residual leaflet portion (the 
pivoting membrane in the model), surrounded on both sides 
by ventricular pressure, is relatively free to move anteriorly. 
2) Flow-related forces on a leaflet moving anteriorly (Fig. 
lOA), which include lift perpendicular to flow and related to 
increased velocity above the leaflet, and drag parallel to flow 
(24). Drag includes form drag, caused by flow impacting on 
an interposed surface, and which is a function of the form of 
that surface; and skin friction drag, caused by viscous 
interactions between the leaflet and moving particles. 3) 
Papillary muscle forces, as modulated by several geometric 
factors as follows: a) Anteroposferior position and orienta- 
tion (Fig. IOB). Anterior malposition of the papillary muscles 
decreases the posterior component of the net tension vector; 
that component directly opposes anteriorly acting lift and 
drag forces. (The component parallel to the ventricular long 
axis resists displacement by keeping the leaflets taut.) b) 
Chordal geometry. Papillary muscle tension cannot effec- 
tively restrain the leaflet if the chordal connection is slack 
(that is, the chord is longer than the distance between the 
muscle tip and the leaflet). The leaflet will move under the 
influence of flow until the slack is taken up. Thus, chordal 
geometry determines leaflet shape, which in turn affects the 
magnitude of form drag and lift (Fig. 9) and the final 
equilibrium configuration of the leaflet. (A possible role for 
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Figure 9. Flow visualization studies in the 
membrane model, illustrating the effect of mem- 
brane configuration (cowl formation and pro- 
gression) on the lift and drag forces to be 
expected. See text for details. 
slack in the original statement of the Venturi hypothesis [ 171 
has generally been omitted in subsequent references.) c) The 
mediolateral disposition ofpapillary muscle tips (Fig. IOC). 
If these tips are relatively close together. they will exert a 
force with a centrally acting component on the leaflet edges, 
causing the leaflet to buckle in the direction of least resis- 
tance, which is anterior if the papillary muscles are displaced 
anteriorly (Fig. 3). 
Implications of the model. The effects of lift and drag 
cannot be entirely separated by flow visualization once 
anterior motion has begun because both are then called into 
play (Fig. 9). However, the results show that anterior motion 
can begin from a configuration in which velocity above the 
leaflet is not increased (Fig. 9, upper panel), and can 
progress even though outflow tract narrowing is only mild 
(Fig. 9, second panel). Therefore, at least in this model, 
anterior leaflet motion can be produced primarily on the 
basis of drag forces and altered tethering, without a promi- 
nent lift (Venturi) effect. In addition, even without decreased 
chordal tension, anterior buckling can be created by an 
imbalance of tension across the membrane (Fig. 8). 
Clinical implications. These observations confirm at least 
one possible mechanism for systolic anterior mitral motion 
in hypertrophic cardiomyopathy: anterior and inward papil- 
lary muscle malposition alter the effectiveness of chordal 
restraint (Fig. 3 and lo), increase drag forces and cause 
central buckling. They also provide insights into several 
clinical observations: 
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Figure 10. Balance of forces acting on the mitral valve (MV). A, 
Schematic long-axis view of the left ventricle. The coapted portions 
of the valve are restrained by the balance of ventricular (large open 
arrows) and atrial (thin arrows) pressures. The fulcrum of distal 
(residual) leaflet motion lies at the coaptation point (black arrow- 
head). LA = left atrium; PM = papillary muscle. B, Effect of 
anterior papillary muscle (PM) displacement from position 1 to 2 on 
the posterior component of tension (T). Note that T, = T, in 
magnitude, but the posterior component is far greater in position 1. 
C, View of the mitral valve (MV) from above (compare with Fig. 3), 
demonstrating inward (buckling) tension created by displacement of 
the papillary muscle (PM) tips. 
1) The unusual shape of the anteriorly moving valve (Fig. 
I), which is not predicted by the Ventbri mechanism. As 
shown by the model, this shape can be produced by de- 
creased central chordal tethering with maintained lateral 
tension-changes that would be predicted from the observed 
malposition of the papillary muscles toward one another 
(15). 
2) Early systolic onset of anterior motion (1.5) (Fig. 2). 
The model demonstrates that anterior buckling can result 
from an imbalance of chordal tension that could be produced 
by papillary muscle contraction as early as isovolumic 
systole. The results also suggest that anterior motion may be 
propagated by drag forces, even at relatively low velocities, 
and lift forces (Fig. 9, second panel). 
3) The observed importance of the distal residual leaflet, 
described as a geometric precondition for anterior motion 
(22). Both lift and drag will be greater if residual leaflet length 
increases because the area for leaflet-flow interaction will be 
greater (generating more force), and the moment arm of 
these forces with respect to the fulcrum (coaptation point/ 
pivoting rod) will be longer. Residual leaflet length can be 
increased both by an increase in total leaflet length (15,29,30) 
and by anterior papillary muscle displacement, which will 
geometrically shift the coaptation point closer to the base of 
the anterior leaflet, creating a longer overlapping residual 
leaflet (15,26). 
4) The importance of other, relatively “free” leaflet 
portions in determining the presence of anterior motion. 
Maron et al. (13) have used the pathologic finding of an 
elongated posterior leaflet scallop to suggest a mechanism 
for anterior motion of that leaflet-an example of increased 
slack taken up by anterior motion, as in this model. Subaor- 
tic obstruction caused by relatively free accessory mitral 
structures has been described (31,32), and obstructive ante- 
rior motion after Carpentier valvuloplasty (33:34) may also 
relate to unrepaired redundant leaflets/chordae propelled by 
drag forces into the outflow tract because they are restrained 
postoperatively from prolapsing into the left atrium. 
5) The observation of anterior papillary muscle malposi- 
tion in patients with hypertrophic cardiomyopathy and ob- 
structive anterior mitral motion (5,6,10,13,15,16,18,21), and 
its absence in patients with hypertrophy and no anterior 
motion (15). As shown in this model, such malposition 
facilitates anterior motion and cowl formation. It decreases 
the posterior component of papillary muscle tension (Fig. 
1DB) and increases the magnitude of form drag by orienting 
the leaflet into the flow stream. Specifically, 1 mitral chorda 
can normally exert a force of 75 g in the dog (35); if 10 
chordae support a leaflet, their force of 750 g will have a 
posterior component of 260 to 380 g if the muscles act at an 
angle of 20 to 30” to the long axis of the left ventricle. By 
comparison, the mean velocity described at the onset of 
anterior motion (36)-l .5 m/s-would generate 9 mm Hg of 
anterior lift; acting on a distal leaflet 1 cm long and 2.5 cm 
wide, this will generate only 30 g force. However, if the 
papillary muscles are anteriorly shifted and act at an angle of 
2” to the long axis, they will fail to cancel the lift. 
The membrane model. Although clearly simplified, the 
model embodies the fundamental fluid and solid mechanical 
forces acting on the leaflet in vivo, including lift, drag and 
chordal restraint, which can be varied across the leaflet and 
redirected anteriorly. The lack of pulsatile flow does not 
affect the ability of the model to describe the equilibrium 
position achieved and its determinants. In the model, the 
restraint generated by the rigid flow chamber in response to 
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leaflet displacement is effectively unlimited, whereas papil- 
lary muscle tension is finite; however, this would predispose 
to a negative result in the model, so that the observed 
anterior motion strengthens the contention that similar mo- 
tion will occur m vivo. 
Conclusions. The clinically observed configuration of 
systolic anterior mitral motion can be reproduced in vitro by 
decreasing central chordal restraint on a tethered leaflet in a 
flow field. This suggests that a nonuniform distribution of 
chordal tension to the leaflet surface, such as may result 
from papillary muscle displacement, can play an important 
role in determining obstructive geometry in hypertrophic 
cardiomyopathy. Anterior redirection of the chordal tension 
vector further promotes anterior leaflet motion, suggesting a 
role for the anterior papillary muscle displacement observed 
in patients with this disease. Many observed features of 
systolic anterior mitral motion not adequately explained by 
the Venturi effect can be understood in terms of the geomet- 
ric factors embodied in this model and their role in generat- 
ing form drag forces capable of initiating and maintaining 
anterior motion 
We thank Pete Noel for skillful and innovative craftmanship in constructing 
the model. and Cecille Miller for expert secretarial assistance. 
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